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A
bstract 
D
eterm
ination 
of 
aq
u
ifer 
ch
aracteristics for 
s
m
all bodies 
r
eq
uires 
c
a
r
efu
l 
e
v
aluation 
of lo
cal geology. 
M
any 
a
s
s
u
m
ptions 
inherent in
 the 
u
s
e
 
of the T
heis 
equation 
a
nd its 
v
a
riatio
n
s 
m
ay 
be 
v
io
lated
. 
L
im
ited 
a
r
e
al 
e
x
te
n
t, 
leakage, 
lo
cal 
h
etero
g
en
eities, 
a
nd the 
effects 
of dew
atering 
m
ay 
skew
 
r
e
s
u
lts. 
R
esults from
 
a 
v
a
riety
 
of 
a
n
alyses 
w
ill illu
stra
te
 these 
effects, 
a
nd 
aid
 in
 proper 
e
v
aluation 
of hydrologic p
ro
p
erties. 
T
his 
study 
u
ndertakes 
s
u
ch 
a
n
 
a
n
aly
sis. V
arious 
m
ethods 
a
r
e
 
u
s
ed to
 determ
ine tra
n
sm
issiv
ity
 
a
nd 
s
to
ra
tiv
ity
 in
 
a 
channel 
s
a
nd 
aq
u
ifer. 
T
hese include tim
e-draw
dow
n, 
distance-draw
dow
n, 
type 
c
u
rv
e
 
m
atching, 
tim
e 
re
c
o
v
e
ry, 
a
nd im
age 
w
ell 
a
n
alyses. 
V
alues 
of 
tra
n
sm
issiv
ity
 
ra
nge from
 3306 
to
 15,500 g
p
d
/ft, 
a
nd 
s
to
ra
tiv
ity
 
ra
nges from
 0.0009 
to
 0.005. 
E
valuation 
of 
the lim
its 
of 
e
a
ch 
m
ethod in
 
s
m
all-body 
a
n
alysis indicates 
th
at 
a
c
tu
al 
tra
n
sm
issiv
ity
 
ra
nges from
 10,000 to
 15,000 g
p
d
/ft, 
a
nd 
s
to
ra
tiv
ity
 is 
o
n
 the 
o
rder 
of 
10~. 
In
troduction 
T
his paper is 
a
n
 
e
v
aluation 
of 
aq
u
ifer te
s
t data generated by 
G
round W
ater A
ssociates, 
Inc. 
(GW
A). 
The te
s
t 
w
a
s perform
ed in
 
M
arch 1987 
a
t the CECOS Secure C
hem
ical M
anagem
ent F
acility
 in
 
C
lerm
ont C
ounty, 
O
hio (Figure 1). 
The CECOS 
site
 includes 208 
a
c
r
e
s
, 
a
nd 
c
o
n
tains 11 disposal 
sites (Lawhon, 
1991): 
a 
19-acre 
closed 
s
a
n
itary
 lan
d
fill, 
a
n
 
interm
ediate bulk disposal 
c
e
ll, 
tw
o 
u
nlined in
d
u
strial disposal 
c
ells, 
a
nd 
s
e
v
e
n
 
closed 
s
e
c
u
re
 
chem
ical 
m
a
n
agem
ent 
u
n
its (SCM
F'S) 
c
o
n
taining hazardous 
w
a
ste. 
D
uring 
c
o
n
stru
c
tion 
of SCM
F N
o. 
11, 
a 
s
a
nd body, 
s
ubsequently know
n 
a
s
 
the C
hannel Sand, 
w
a
s 
discovered. 
D
ew
atering 
of the Sand produced 
m
o
re
 
w
ater than 
e
xpected, 
in
d
icatin
g
 the 
n
e
ed for 
additional hydrogeologic 
stu
d
ies. 
T
his 
e
v
aluation included 
a draw
dow
n/recovery te
s
t perform
ed 
w
ith 
w
ell 13-PW
, 
in
 the 
s
o
u
theast 
c
o
rn
e
r 
of the fa
c
ility
. 
The 
data generated by the te
s
t 
a
r
e
 
e
x
te
n
sive, 
a
nd include d
etailed
 
tim
e-draw
dow
n 
a
nd tim
e-recovery 
n
u
m
bers from
 
a
u
to
m
atic 
instrum
ents. 
T
hese data 
a
re
 
a
n
alysed here 
u
sing five 
m
ethods: 
tim
e-draw
dow
n, 
distance-draw
dow
n, 
type 
c
u
rv
e
 
m
atching, 
tim
e-
re
c
o
v
e
ry, 
a
nd im
age 
w
ell 
a
n
aly
sis. 
R
esults 
of the 
a
n
alyses 
v
a
ried 
sig
n
ifican
tly
. 
T
ransm
issivity 
v
alues 
ra
nged from
 3306 
to
 15,500 g
p
d
/ft, 
a
nd 
s
to
ra
tiv
itie
s 
v
a
ried from
 0.0009 
to
 0.005. 
T
hese 
v
a
riances 
a
r
e
 tra
c
e
ab
le to
 
hydrogeologic p
ro
p
erties 
of the 
aq
u
ifer 
a
nd 
r
e
s
u
ltin
g
 
v
io
latio
n
s 
of 
a
s
s
u
m
ptions 
m
ade in
 im
plem
enting 
so
m
e 
of 
the 
a
n
alyses. 
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:) I 
F
ig
u
re
 
1
. 
S
ite
 
L
o
c
a
tio
n
 
M
ap. 
F
ro
m
 
L
aw
h
o
n
, 
1
9
9
2
. 
.
.
 
p
articu
lar, 
tra
n
sm
issiv
ity
 
c
a
n
 be low
ered, 
a
nd 
s
to
ra
tiv
ity
 
r
aised
, 
by th
ese in
co
n
sisten
cies. 
T
his 
r
ep
o
rt 
e
x
a
m
ines 
the geological 
s
e
ttin
g
 
of 
the CECOS 
site
, 
a
nd 
e
v
aluates 
th
e im
pact 
of geology 
o
n
 lo
cal groundw
ater flow
. 
F
ollow
ing th
is is 
a description 
of 
th
e 13-PW
 draw
dow
n/recovery 
te
s
t, 
w
ith 
r
e
s
u
lts 
of 
th
e GWA 
a
n
aly
sis. 
The 
study then proceeds 
w
ith 
a 
d
etailed
 d
escrip
tio
n
 
of 
e
a
ch 
of 
the 
a
n
alyses 
c
a
r
ried
 
o
u
t 
for 
th
is 
r
ep
o
rt. 
T
his is follow
ed by 
a
n
 in
terp
retatio
n
 
of 
th
e 
r
e
s
u
lts, 
based 
o
n
 the lim
its 
of 
e
a
ch 
a
n
aly
sis. 
L
o
catio
n
, 
C
lim
ate, 
a
nd R
egional G
eology 
T
he CECOS 
fa
c
ility
 is 
lo
cated
 in
 Jackson T
ow
nship, 
C
lerm
ont 
C
ounty, 
O
hio, 
35 
m
iles 
e
a
s
t 
o
f C
in
cin
n
ati. 
T
he 
site
 is
 bordered 
by P
leasan
t R
un C
reek to
 
th
e 
w
e
st, 
a
nd 
th
e E
ast B
ranch 
o
f 
P
leasan
t R
un C
reek to
 
th
e 
e
a
s
t, 
a
nd 
c
o
v
e
r
s
 
o
v
e
r
 1000 
a
c
r
e
s
. 
S
u
rface 
topography is le
v
e
l 
to
 
slig
h
tly
 
r
o
llin
g
. 
T
he geology 
r
eg
io
n
ally
 
c
o
n
sists 
o
f in
terb
ed
d
ed
 Illin
o
ia
n
 g
la
c
ia
l 
till 
a
nd 
s
a
nd d
ep
o
sits, 
o
v
e
rly
in
g
 lim
esto
n
e 
a
nd 
c
alcareo
u
s 
sh
ale. 
T
he 
s
a
nd 
bodies 
w
ith
in
 
th
e 
till 
a
r
e
 
c
o
m
prised 
o
f 
s
ilty
 
s
a
nd 
a
nd g
rav
el. 
T
he 
clim
ate is 
ch
aracterized
 
a
s
 
hum
id 
c
o
n
tin
en
tal. 
T
he 
a
r
e
a
 
r
e
c
eiv
es 
about 
41 
in
ch
es 
o
f 
a
n
n
u
al p
re
c
ip
ita
tio
n
; 
le
ss 
th
an
 25 
in
ch
es 
o
f 
th
is 
is 
s
n
o
w
fall. 
A
verage 
a
n
n
u
al 
te
m
p
eratu
re is 54 
degrees 
F
ah
ren
h
eit. 
T
he CECOS 
s
ite
 lie
s in
 
th
e C
lerm
ont lo
b
e 
o
f 
th
e 
Illin
o
ia
n
 T
ill 
P
lain
. 
G
lacial ic
e
 
advanced from
 
th
e 
n
o
rth
w
est, 
w
ith
 
th
e p
resen
ce 
o
f 
tw
o
 
tills
 in
d
icatin
g
 tw
o
 
stag
es 
o
f 
advance. 
T
he 
tills
 
a
r
e
 
g
en
erally
 dense 
clay
ey
 
s
ilts
 
to
 
s
ilty
 
clay
s, 
w
ith
 
v
a
ry
in
g
 
a
m
o
u
n
ts 
o
f 
s
a
nd 
a
nd g
rav
el (PCR, 
1989). 
T
he 
s
u
b
su
rface geology 
a
t 
th
e 
site
 has been 
ch
aracterized
 by 
s
e
v
e
r
al 
s
tu
d
ies (W
arzyn, 
1986; 
S&M
E 
1986; 
GW
A 
1987). 
T
he lo
cal 
s
tra
tig
rap
h
y
 
c
o
n
sists 
o
f 
th
e 
fo
llo
w
in
g
 
in
fo
rm
al 
u
n
its: 
U
pper T
ill (w
ith th
e U
pper Sand) 
880 
z
o
n
e
 
(w
ith th
e 880 Sand) 
L
ow
er T
ill (w
ith th
e C
hannel S
and, 
840 S
and, 
a
nd L
ow
er S
ands) 
B
edrock 
(w
ith th
e B
edrock T
ill 
In
te
rface (BTI)) 
The U
pper T
ill 
e
x
tends from
 
n
e
a
r th
e 
s
u
rface to
 betw
een 870 
a
nd 890 feet 
above 
m
e
a
n
 
s
e
a
 lev
el (M
SL). 
T
his 
till grades 
w
ith 
depth from
 
a 
silty
 
clay
 to
 
a 
s
a
ndy 
clay to
 
a 
silty
 
s
a
ndy 
clay
 
w
ith g
rav
el. 
H
ydraulic 
c
o
nductivity is low
, 
a
v
e
raging 3 
x
 
10- 7 
feet per 
s
e
c
o
nd. 
The U
pper T
ill 
c
o
n
tains 
a discontinuous 
s
a
nd 
lay
er know
n 
a
s
 
th
e U
pper Sand. 
The Sand is 
ty
p
ically
 found 
above 
890 feet M
SL, 
a
nd 
c
o
n
sists 
of fin
e 
to
 
m
edium
 
s
a
nd 
w
ith 
so
m
e
 
s
ilt. 
The U
pper Sand is 
up to
 10 feet 
th
ick
 in
 the 
n
o
rth
east 
c
o
rn
e
r 
of 
the 
site
. 
The 880 Sand is 
a
n
 irreg
u
lar braided 
stream
 deposit, 
c
o
n
sistin
g
 
of 
s
a
nd 
a
nd g
rav
el, 
w
ithin th
e 880 
Z
one. 
The 880 Sand 
o
c
c
u
rs
 betw
een 870 
a
nd 890 feet M
SL, 
a
nd 
a
v
e
rages 2 feet in
 
th
ick
n
ess. 
The Sand is laterally
 
e
x
te
n
sive, 
but is 
v
e
ry 
irreg
u
lar, 
a
nd is 
absent in
 
m
any lo
catio
n
s. 
U
nderlying the 880 
Zone is 
the L
ow
er T
ill. 
T
his 
s
ilt 
a
nd 
clay 
till 
c
o
n
tains 
s
a
nd 
a
nd g
rav
el. 
The 
m
e
a
n
 hydraulic 
c
o
nductivity is 
5.6 
x
 
10- 10 ft/sec. 
The L
ow
er T
ill 
c
o
n
tains 
th
ree 
s
a
nd deposits: 
the C
hannel Sand, 
th
e 840 Sand, 
a
nd the L
ow
er Sands. 
The C
hannel 
Sand 
w
a
s probably deposited 
v
e
ry 
clo
se to
 th
e ice during 
a 
period 
of 
m
inor g
lacial 
r
e
tre
a
t. 
H
ydraulic 
c
o
nductivity is 
r
ep
o
rted 
a
s
 
4.3 
x
 
10- 4 ft/sec. 
The 840 Sand is 
r
e
s
tricted
 to
 
a 
s
m
all 
a
r
e
a
 
s
o
u
th 
a
nd 
e
a
st 
of SCM
F #11. 
The L
ow
er Sands 
a
r
e
 
m
inor 
discontinuous 
s
a
nd len
ses. 
S
ite H
ydrogeology 
L
aw
horn (1992) 
n
o
tes 
th
at 
the follow
ing h
ydrostratigraphic 
u
n
its have been defined 
a
t the 
site
: 
U
pper Sand 
880 
Zone Sand 
C
hannel Sand 
840 Sand 
L
ow
er Sands 
B
edrock-T
ill In
terface (BTI) 
O
f 
th
ese, 
th
e 840 Sand 
a
nd the L
ow
er Sands 
a
r
e
 
c
o
n
sidered to
 
be 
of 
m
inor hydrogeologic im
portance, 
a
nd 
w
ill 
n
o
t be discussed 
fu
rth
er. 
The U
pper Sand is 
c
o
m
posed 
of discontinuous, 
fin
e-g
rain
ed 
s
a
nd 
lenses 
th
at 
a
r
e
 ty
p
ically
 less 
than 1 foot 
th
ick
. 
G
round 
w
ater 
flow
 is 
v
e
rtically
 dow
nw
ard to
w
ard th
e 880 
Zone Sand, 
w
hich has 
a 
low
er hydraulic head. 
L
inear flow
 
v
elo
city
 is lim
ited to
 0.01 
to
 
0.1 feet per day by th
e low
 
c
o
nductivity 
of 
th
e U
pper T
ill. 
Flow
 in
 th
e 880 
Zone Sand is influenced by 
n
a
tu
ral 
a
nd 
a
rtific
ia
l facto
rs. 
S
ite 
operations 
s
u
ch 
a
s
 
c
e
ll 
c
o
n
stru
c
tio
n
 
a
nd 
dew
atering 
a
c
itv
itie
s have 
alterered
 
n
a
tu
ral 
n
o
rth
easterly
 flow
. 
A
t p
resen
t, 
flow
 is 
v
a
riab
le 
a
nd irreg
u
lar. 
Slug te
s
ts
 have 
indicated 
a 
c
o
nductivity 
v
alue 
of 3 
x
 
10- 4 ft/sec; 
lin
ear 
v
elo
city
 is less 
than 1 foot per day. 
The C
hannel Sand (Figure 2) 
is 
a 
sig
n
ifican
t hydrogeologic 
u
n
it. 
It is 
w
ell defined 
a
nd 
c
o
n
tinuous 
a
c
ro
s
s
 
th
e 
site
. 
D
ue 
to
 
dew
atering 
a
t SCM
F #11, 
flow
 is 
to
 the 
n
o
rth; 
n
a
tu
ral flow
 is 
to
 
the 
s
o
u
th, 
w
ith 
a 
lin
ear 
v
elo
city
 
of less 
than 1 foot per day. 
The C
hannel Sand 
w
a
s discovered during 
c
o
n
stru
c
tio
n
 
of SCM
F 
#11 in
 th
e Sum
m
er 
of 1985. 
In the S
pring 
of 1986, 
a 
41-w
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dew
atering 
system
 w
a
s 
in
stalled
, 
a
nd th
e 
c
e
ll 
w
a
s 
c
o
m
pleted to
 
design 
elev
atio
n
. 
S
ubsequently, 
a 
27-point dew
atering 
system
 w
a
s 
in
stalled
 
along th
e 
s
o
u
thern 
edge 
of 
c
e
ll 11 (Figure 2). A
fter 
discharge 
stab
ilized
 
a
t 75-80 gallons per 
m
inute, 
th
e 
n
e
ed fo
r 
a 
d
etailed
 
a
s
s
e
s
s
m
e
n
t 
of 
th
e C
hannel Sand becam
e 
clear. 
The la
st h
ydrostratigraphic 
u
n
it 
of in
terest is 
the B
edrock-
T
ill In
terface. 
M
ost 
of 
the bedrock is 
o
v
e
rlain
 by low
 
perm
eability till, 
a
nd 
w
ells 
c
o
m
pleted th
ere 
a
r
e
 
e
a
sily
 b
ailed
 
dry. 
L
ocal g
ran
ular deposits 
a
r
e
 
m
o
re
 productive, 
but, 
a
s
 
a 
w
hole, 
th
e B
TI 
is 
n
o
t 
of g
reat hydrologic im
portance. 
The h
ydrostratigraphic 
u
n
its 
n
o
ted 
above 
a
r
e
 hydrologically 
iso
lated
 by intervening till lay
ers (Figure 3). 
In
 p
articu
lar, 
aq
u
ifer te
s
tin
g
 
show
ed th
at th
e C
hannel Sand 
w
a
s iso
lated
 from
 
the 
o
th
er 
u
n
its (GWA, 
1986). 
It has been 
e
stim
ated th
at, 
u
nder 
pum
ping 
c
o
nditions 
of 100 gpm
, 
90%
 
of 
re
charge is from
 
u
nderflow
 
in
 th
e C
hannel itse
lf, 
a
nd 10%
 
is from
 th
e 880 Sand 
a
nd th
e B
T
I. 
U
nder 
n
o
n
-pum
ping 
c
o
nditions, 
the p
o
ten
tial leakage from
 th
e 880 
Sand 
a
nd 
th
e B
TI drops 
to
 1/25th 
of 
th
at 
a
m
o
u
nt. 
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The 13-PW
 Pum
p T
est 
The 
s
o
u
rc
e
 
of data 
a
nd the 
object 
of 
study 
of th
is paper is 
a 
draw
dow
n/recovery te
s
t perform
ed by S
oil 
a
nd M
aterial E
ngineers, 
Inc. 
a
nd G
round W
ater A
ssociates, 
In
c. 
in
 M
arch 1987. 
The pum
ping 
w
ell (13-PW
) 
a
nd 14 
of the 67 
m
o
nitoring 
w
ells 
w
e
re
 
s
c
re
e
n
ed in
 
the C
hannel Sand. W
ell lev
els 
w
e
re
 
re
c
o
rded 
u
sing S
tevens T
ype F 
a
u
to
m
atic 
r
e
c
o
rders, 
electric tap
e, 
a
nd by the H
ydrologic 
A
nalysis System
 m
a
n
ufactured by In S
itu
, 
In
c. 
F
igure 4 provides 
a
n
 
e
x
a
m
ple 
of th
e type 
of data generated by the In S
itu
 d
ig
ital 
data 
aq
u
isitio
n
 
system
. 
The 
aq
u
ifer te
s
t began 
a 
1730 hours 
o
n
 M
arch 17,1987, 
a
t 
a
n
 
in
itia
l pum
ping 
r
a
te
 
of 75 
gpm
. 
A
t 1422 hours 
o
n
 the 19th, 
the 
r
a
te
 
w
a
s 
increased to
 150 gpm
, 
a
nd to
 174 gpm
 
a
t 1502 hours. 
The 
r
a
te
 
w
a
s increased to
 
m
a
xim
ize draw
dow
n, 
a
nd to
 increase head 
differences 
to
 te
s
t fo
r p
o
ssible hydraulic 
c
o
m
m
u
nication 
w
ith 
o
ther 
s
a
nd 
z
o
n
e
s
. 
Pum
ping 
w
a
s 
stopped 
a
t 1733 hours 
o
n
 M
arch 20, 
a
nd 
re
c
o
v
e
ry 
re
adings 
w
e
re
 taken 
u
n
til M
arch 22. 
GWA 
c
o
n
stru
c
ted graphical 
a
n
alyses 
of tim
e-draw
dow
n, 
distance-
draw
dow
n, 
a
nd tim
e-recovery data for 
w
ells 
12-3A
, 
13-12, 
13-PW
, 
a
nd M
P-215-B
R
. 
T
ransm
issivity 
w
a
s 
c
alcu
lated 
a
s
 
10,000 
-
20,000 
g
pd/ft from
 tim
e-draw
dow
n 
a
n
aly
sis, 
15,000 g
p
d
/ft from
 tim
e-
re
c
o
v
e
ry 
a
n
aly
sis, 
a
nd 10,000 to
 30,000 g
p
d
/ft from
 d
istan
ce-
draw
dow
n data. 
S
to
rativ
ity
 w
a
s determ
ined to
 be 
o
n
 the 
o
rder 
of 
10-4, 
from
 tim
e-draw
dow
n 
a
n
aly
sis. 
The 
object 
of 
th
is paper is 
to
 
r
e
-in
terp
ret the 
ra
w
 data 
generated by the 13-PW
 te
s
t. 
F
ive 
m
ethods 
of 
a
n
aly
sis 
a
r
e
 
u
s
ed: 
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Figure 4 . Sample of In Situ Data. From GWA, 1987. 
Tim
e-draw
dow
n (log 
cycle tim
e) 
D
istance-draw
dow
n (log 
cycle distance) 
T
heis 
type 
c
u
rv
e
 
m
atching (W
(u,r/b)) 
R
ecovery in
 
a pum
ped 
w
ell 
Im
age 
w
ell 
a
n
alysis 
Tim
e-D
raw
dow
n 
The tim
e-draw
dow
n 
a
n
alysis is based 
o
n
 
a 
m
odified 
v
e
rsion 
of 
the T
heis 
equation developed by C
ooper 
a
nd Jacob (1946). 
T
his 
m
ethod 
c
a
n
 be 
u
s
ed for large 
v
alues 
of 
tim
e, 
o
r
 
s
m
all 
v
alues 
of 
pum
ping-to-m
onitoring 
w
ell distance. A
t tim
e t1
,
 
w
e have 
s1 
=
 2.3Q/4nT 
*
 lo
g(2.25Ttl/r 2S) 
A
t tim
e t
2
1
 
S2 
=
 2.3Q/4nT 
*
 log(2.25Tt2/r 2S) 
S
ubtracting (1) 
from
 (2), 
S2-S1 
=
 2.3Q/4nT 
*
 log(t2/ti) 
F
or t
1
,t2 o
n
e
 log 
cycle 
ap
art, 
ds 
=
 2.3Q/4nT 
W
here 
Q 
=
 discharge 
T 
=
 tra
n
sm
issiv
ity
 
ds 
=
 draw
dow
n per log 
cycle tim
e. 
C
hoosing 
s 
=
 0 from
 (1) 
y
ields 
S 
=
 2. 25T
t0 /r
2 
W
here 
S 
=
 
s
to
ra
tiv
ity
 
T 
=
 tra
n
sm
issiv
ity
 
( 1 ) 
( 2) 
( 3) 
( 4 ) 
t
0 
=
 tim
e 
a
t 
w
hich draw
dow
n is 
z
e
ro
. 
t
0 is determ
ined g
rap
h
ically
 
a
s
 
the p
o
in
t 
w
here 
a 
lin
e draw
n 
through 
a 
s
e
m
ilog p
lo
t 
of 
tim
e 
a
nd draw
dow
n data in
tersects 
the 
z
e
ro
 draw
dow
n lin
e. 
F
igure 5 is 
s
u
ch 
a 
p
lo
t 
c
o
n
stru
c
ted from
 data 
from
 
w
ells M
P-215-BR 
a
nd 12-3A
. 
Two 
lin
es 
a
r
e
 draw
n due 
to
 
a 
boundary-induced d
eflectio
n
. 
R
esults 
of 
th
e 
tim
e-draw
dow
n 
a
n
aly
sis: 
M
P-215-BR 
-
radius 52.6 feet 
B
efore d
eflectio
n
 
T
ran
sm
issivity 
13,005 
S
to
rativ
ity
 
0.0005 
A
fter d
eflectio
n
 
T
ran
sm
issivity 
7321 
S
to
rativ
ity
 
0.001 
12-3A
 
-
r
adius 
188.2 feet 
B
efore d
eflectio
n
 
T
ran
sm
issivity 
7907 
S
to
rativ
ity
 
0.0007 
A
fter d
eflectio
n
 
T
ran
sm
issivity 
4821 
S
to
rativ
ity
 
0.0007 
D
istance-D
raw
dow
n 
g
p
d
/ft 
g
p
d
/ft 
g
p
d
/ft 
g
p
d
/ft 
T
his 
m
ethod is 
sim
ilar to
 tim
e-draw
dow
n. 
M
odification 
of 
the 
T
heis 
equation (Cooper 
a
nd Jacob, 
1946) 
gives 
ds 
=
 2.3Q/2:n;T 
a
nd 
5 
C
Y
C
LE
'.3 
-
"
'
 
S
E
M
I-L
O
G
 
5
T
H
 
L
IN
E
S
 
A
n
lT
H
M
IC
 
A
C
C
E
rJ
T
[, 
\ 
~
 
0 
.µ 0 
.
-
-l 
.
 p., 
S 
=
 2
.25T
t/r
0 2 
w
here 
r
0 is determ
ined g
raphically. 
F
igure 6 is 
a 
p
lo
t 
of distance 
a
nd draw
dow
n data fo
r 
w
ells P
-
30, 
11-9, 
11-11, 
12-3A
, 
13-12, 
a
nd M
P-215-B
R
. 
The black lin
e 
m
a
rked (1) 
m
atches 
the 
m
o
st p
o
in
ts; 
the black lin
e (2) 
is 
a best 
fit. 
B
oth lin
es 
a
r
e
 
a 
tim
e t 
=
 4140 
m
inutes. 
The 
red lin
e is 
a 
best fit 
a
t t 
=
 165 
m
inutes. 
R
esults 
a
r
e
 
a
s
 
follow
s: 
Tim
e 
=
 165 
m
inutes 
T
ransm
issivity 
S
to
rativ
ity
 
Tim
e 
=
 
4140 
m
inutes 
T
ransm
issivity 
S
to
rativ
ity
 
T
heis T
ype C
urve M
atching 
10,137 g
pd/ft 
0.0003 
11,105 g
p
d
/ft (1) 
9,280 g
pd/ft (2) 
0.008 (l) 
0.005 (2) 
00 
The T
heis 
equation 
h
0 
-
h 
=
 s 
=
 Q/41tT {e-•/z 
dZ 
r
2 ( s) I 4T
t 
( 1) 
c
a
n
 be 
w
ritten
 
a
s
 
w
ith 
s 
=
 (Q/4nT)W
(u) 
u
 
=
 r
2(S
)/4T
t 
( 2 ) 
( 3 ) 
w
here W
(u) 
is 
term
ed the 
w
ell function 
of 
u
. 
A
 graph 
of W
(u) 
v
s
. 
1/u (Figure 7), 
know
n 
a
s
 
a 
type 
c
u
rv
e
, 
is 
s
uperim
posed 
o
v
e
r tim
e-draw
dow
n data p
lo
tted
 
o
n
 log-log paper. 
The 
c
u
rv
e
s
 
a
r
e
 
m
atched to
 produce 
a best fit 
of the type 
c
u
rv
e
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r-QJ 
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°' 
·rl 
µ., 
o
n
to
 
th
e d
ata. 
T
im
e 
a
nd draw
dow
n 
a
r
e
 
r
e
ad
 from
 
a 
m
atch p
o
in
t, 
u
s
u
ally
 
chosen 
s
o
 
th
a
t W
(u) 
=
 
1
/u
 
=
 
1
. 
T
hese 
v
alu
es 
a
r
e
 
s
u
b
situ
ted
 in
to
 
eq
u
atio
n
s (2) 
a
nd (3) 
to
 y
ie
ld
 
tra
n
s
m
issiv
ity
 
a
nd 
s
to
ra
tiv
ity
 
v
alu
es. 
In
sp
ectio
n
 
o
f 
th
e d
ata from
 
w
ells M
P-215-B
R
 
a
nd 
12-3A
 (Figure 
8), 
r
e
v
e
als 
a 
d
eflectio
n
 in
 
th
e 
c
u
r
v
e
, 
in
d
icatin
g
 leak
ag
e. 
In
 
th
is 
situ
a
tio
n
 
a 
m
odified ty
p
e 
c
u
r
v
e
, 
in
tro
d
u
ced
 by H
antush 
a
nd 
Jacob (1955), 
is 
u
s
ed (Figure 9). 
T
his 
c
u
r
v
e
 is 
a 
p
lo
t 
o
f 
W
(u,r/b) 
v
s
. 
1
/u
, 
w
here b 
is 
th
e 
s
a
tu
ra
ted
 th
ick
n
ess 
o
f 
th
e 
aq
u
ifer. 
T
he 
c
u
r
v
e
-
m
a
tch
in
g
 p
ro
cedure is 
th
e 
s
a
m
e
 
a
s
 
fo
r 
n
o
n
-
leak
y
 
a
q
u
ifers, 
a
nd 
tra
n
s
m
issiv
ity
 
a
nd 
s
to
ra
tiv
ity
 
a
r
e
 
c
alcu
lated
 
a
s
 
T 
=
 (Q
/4n(s)) 
*
 W
(u,r/b) 
a
nd 
s 
=
 
4
u
T
t/r 2 
A
gain, 
th
e 
m
atch p
o
in
t is 
chosen 
s
o
 
th
a
t W
(u,r/b) 
=
 
1
/u
 
=
 
1
. 
R
esu
lts 
o
f 
th
is 
a
n
aly
sis: 
W
ell 
M
P-215-B
R
 
12-3A
 
T
ran
sm
issiv
ity
 
4297 
g
p
d
/ft 
3306 
g
p
d
/ft 
S
to
ra
tiv
ity
 
0.002 
0.0009 
R
ecovery in
 
a 
Pum
ped W
ell 
F
ig
u
re 
10 
is 
a 
p
lo
t 
o
f draw
dow
n d
u
rin
g
 pum
ping, 
a
nd 
r
e
c
o
v
e
ry
 
a
fte
r 
th
e pum
p has been 
sh
u
t 
o
ff. 
R
esidual draw
dow
n is 
e
x
p
ressed
 
a
s
 
h
0
-h
'=
 d
s' 
=
 (2.3Q
/4nT)(log(2.25Tt/r 2S)-
lo
g(2.25Tt/r2S)) 
w
here 
h
0 
=
 
o
rig
in
a
l head 
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Figure 10. Plot of Drawdown and Recovery Curve vs. Time. 
From Domenico and Schwartz, 1990. 
~ 
h
' 
=
 r
e
c
o
v
e
r
ed
 head 
d
s' 
=
 r
e
sid
u
al draw
dow
n 
t 
=
 tim
e 
sin
ce pum
ping 
s
ta
rte
d
 
t
' 
=
 
tim
e 
sin
ce pum
ping 
sto
p
p
ed
. 
T
his 
eq
u
atio
n
 
r
educes 
to
 
d
s' 
=
 2.3Q
/4nT 
*
 
lo
g
(t/t'). 
F
o
r 
c
a
lc
u
la
tio
n
s 
o
v
e
r
 
o
n
e
 lo
g
 
cy
cle 
tim
e, 
d
s' 
=
 
2.3Q
/4nT 
w
here d
s' 
is 
th
e 
r
e
sid
u
al draw
dow
n p
er lo
g
 
cy
cle. 
From
 th
e d
ata 
s
u
p
p
lied
 by 
th
e 
13-PW
 
r
e
c
o
v
e
ry
 
te
s
t, 
fo
r 
t
' 
=
 
480 
m
inutes 
a
nd 
t 
=
 
4802 
m
in
u
tes, 
w
e 
have d
s' 
=
 
2.65 
fe
e
t. 
T
h
erefo
re, T 
=
 
2
.3(13,500ft
3
) 
=
 
9
3
2
.4
ft
2/day 
=
 7459 
g
p
d
/ft. 
Im
age W
ell A
n
aly
sis 
A
ll 
o
f 
th
e p
rev
io
u
s 
m
ethods 
have 
a
s
s
u
m
ed 
th
a
t 
th
e 
aq
u
ifer is 
in
fin
ite
 in
 
a
r
e
a
l 
e
x
te
n
t. 
T
his p
ro
cedure does 
n
o
t 
a
c
c
o
u
n
t fo
r 
th
e 
p
resen
ce 
o
f 
la
te
ra
l boundaries 
in
 
th
e C
hannel S
and. 
Im
age 
w
ell 
th
eo
ry
, 
in
 b
rie
f, 
s
ta
te
s
 
th
a
t 
a
n
 im
perm
eable 
boundary 
a
c
ts
 
to
 in
crease draw
dow
n in
 
a
n
 
o
b
serv
atio
n
 
w
ell. 
D
raw
dow
n is 
affected
 
a
s
 
though 
th
ere 
w
a
s
 
a
n
o
th
er pum
ping 
w
ell 
o
n
 
th
e 
o
th
er 
sid
e 
o
f 
th
e boundary, 
a
t 
a 
d
istan
ce from
 
th
e boundary 
eq
u
al 
to
 
th
e d
istan
ce from
 
th
e boundary 
to
 
th
e 
r
e
a
l 
w
ell (Figure 
1
1). 
F
ig
u
re 
12 
show
s 
th
e im
age 
w
ell 
c
r
e
a
ted
 by 
th
e C
hannel Sand 
b
o
u
n
d
aries. 
N
ote 
th
a
t 
e
a
ch im
age 
w
ell (I1A
,I2A
) 
c
r
e
a
te
s
 
its
 
o
w
n
 
im
age 
w
ell (I1B
,I2B
). 
D
ischarging 
w
ell A
. 
R
E
A
L 
SYSTEM
 
O~. ·
 Dra~down 
c
o
m
ponent 
D
row
dow
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c
o
m
pon(Let 0 
D
ischarging 
of im
age w
ell 
of 
re
al 
w
ell 
L
O
isc
h
a
rg
in
g
 
re
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w
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I 
im
age w
ell 
N
onpum
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w
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level 
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O
TE
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A
quifer thickness 
m
 
should be 
v
e
ry large 
c
o
m
-
pared to 
re
s
ultant draw
dow
n 
n
e
a
r 
re
al 
w
ell 
8. 
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Figure 12. Image We lls Created by Channel Sand Boundaries. Adapted Fr om GWA, 1987. 
F
o
r 
th
is 
a
n
a
ly
sis, 
tim
e-draw
dow
n d
ata 
a
nd d
istan
ce 
to
 im
age 
w
ells 
from
 
13-12, 
M
P-215-B
R
, 
a
nd 12-3A
 
w
e
re
 
u
s
ed 
a
s
 
fo
llo
w
s: 
F
o
r 
e
a
ch 
o
b
serv
atio
n
 
w
ell, 
a 
v
alu
e 
o
f 
u
 
=
 r
2(S)/4T
t 
w
a
s
 
c
a
lc
u
la
ted
, 
u
sin
g
 
a 
s
to
ra
tiv
ity
 
v
alu
e 
o
f 
0.0005 (GWA 
1987), 
a
nd 
tw
o
 
tra
n
s
m
issiv
ity
 
v
alu
es (10,000 
a
nd 20,000 
g
p
d
/ft). 
W
alton (1987) 
p
ro
v
id
es 
a 
ta
b
le
 
to
 d
eriv
e 
v
alu
es 
o
f W
(u) 
from
 
u
. 
T
hese 
w
e
re
 
s
u
b
stitu
te
d
 to
 y
ie
ld
 
s 
=
 Q
/4nT(W
(u)(l3-PW
) 
+
 W
(u)(IlA
) 
+
 W
(u) (I2A
) 
+
 W
(u) (IlB
) 
+
 W
(u) (I2B
)). 
C
alcu
lated
 draw
dow
n 
s 
w
a
s 
c
o
m
pared 
w
ith
 
a
c
tu
al 
v
alu
es 
tak
en
 
from
 
th
e 
In
-S
itu
 d
ata. 
W
ell 
C
alcu
lated
 
s 
A
ctu
al 
s 
A
q
u
ifer 
th
ick
n
ess 
13-12 
1
.2
5
,1
.2
5
 
3.15 
18 
ft. 
12-3A
 
4
.6
0
,2
.7
3
 
1. 64 
32 
ft. 
M
P-325-B
R
 
4
.8
4
,3
.3
1
 
3.79 
24 
ft. 
F
o
r M
P-215-B
R
, 
a 
tra
n
s
m
issiv
ity
 
v
alu
e 
o
f 
15,500 g
p
d
/ft 
r
e
s
u
lted
 in
 
a 
draw
dow
n 
o
f 
3.80 
fe
e
t. 
Sum
m
ary 
of R
esults 
A
nalysis 
Tim
e-D
raw
dow
n 
D
istance-D
raw
dow
n 
Type C
urve 
R
ecovery-D
raw
dow
n 
Im
age W
ell 
Com
m
ents 
T
ran
sm
issivity(gpd/ft) 
4821 
-
13,005 
10,137 
-
11,105 
3306 
-
4297 
7459 
15,500 
S
to
rativ
ity
 
0.0047 
-
0.001 
0.005 
-
0.0078 
0.0009 
-
0.0016 
NA 
0.0005 
a
ssu
m
ed 
S
everal 
a
s
s
u
m
ptions 
a
r
e
 incorporated in
to
 th
e 
u
s
e
 
of 
th
e T
heis 
equation 
a
nd its 
v
a
rious in
carn
atio
n
s: 
l) 
The 
aq
u
ifer is in
fin
ite
, 
hom
ogeneous, 
fla
t ly
in
g
, 
a
nd has 
a 
c
o
n
sta
n
t th
ick
n
ess. 
2) 
The pum
ping 
a
nd 
observation 
w
ells 
a
r
e
 fu
lly
 p
en
etratin
g
. 
3) 
An 
in
fin
ite
 
a
m
o
u
nt 
of 
w
ater is 
sto
red in
 th
e 
aq
u
ifer. 
In th
e 
c
a
s
e
 
of 
the C
hannel Sand, 
w
e 
have 
a 
fin
ite
 body th
at 
v
a
ries in
 thickness 
a
nd 
slope. 
The presence 
of 
a 
boundary 
o
r
 
boundaries is in
d
icated
 
o
n
 th
e p
lo
ts 
of 
tim
e-draw
dow
n data in
 
F
igures 5 
a
nd 8. 
F
igure 13 is 
cited
 by W
alton (1987) 
a
s
 
a 
c
a
s
e
 
involving 
a 
c
o
nfined, 
bounded 
aq
u
ifer. 
W
e 
c
a
n
 
s
e
e
 
tw
o 
upw
ard 
d
eflectio
n
s 
a
t 12 
a
nd 70 
m
inutes, 
in
d
icatin
g
 th
e presence 
of 
tw
o 
boundaries. 
In
 th
is 
c
a
s
e
, 
data before 
a
nd 
a
fte
r the d
eflectio
n
 
w
a
s 
a
n
alyzed. 
T
hat procedure has been follow
ed here fo
r 
tim
e-
draw
dow
n 
a
nd distance-draw
dow
n 
a
n
alyses, 
r
e
s
u
ltin
g
 in
 tw
o 
s
e
ts 
of 
data fo
r 
e
a
ch 
w
ell. 
The im
pact 
of 
v
a
riab
ility
 in
 
slope 
a
nd thickness is 
e
vident in
 
the im
age 
w
ell 
a
n
aly
sis. W
ell 12-3A
 is dow
nslope from
 13-PW
, 
a
nd 
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Figure 13. Time-Drawdown Plot With Deflections. From Walton, 1987. 
is in
 
a 
th
ick
er p
art 
of 
th
e 
aq
u
ifer (S&ME, 
1987). 
B
oth 
of 
these 
c
o
nditions 
c
o
uld be 
e
xpected to
 lessen draw
dow
n. 
S&M
E data 
also
 
in
d
icate thinning 
of 
th
e 
aq
u
ifer to
w
ard 13-12, 
w
hich 
m
ay increase 
draw
dow
n 
observed 
a
t th
at 
w
ell. 
E
xam
ination 
of 
w
ell log data (S&ME, 
1987) 
r
e
v
e
als 
th
at 
w
ell 
12-3A
 is 
s
c
re
e
n
ed in
 
a 
1.5 ft. 
th
ick
 gravel 
se
a
m
. 
T
his 
se
a
m
 
c
o
uld 
a
c
t 
a
s
 
a 
high-conductivity 
c
o
nduit, 
r
eplenishing 
w
ater 
a
nd 
a
tte
n
u
a
tin
g
 lo
cal draw
dow
n. W
ell 13-12 is 
s
c
re
e
n
ed in
 fin
er 
grained 
m
a
te
rial 
than 12-3A
, 
w
hich 
m
ay 
add to
 draw
dow
n 
differences betw
een th
e tw
o 
w
ells. 
M
P-215-BR is 
s
c
re
e
n
ed in
 
poorly graded 
s
a
nd 
w
ith 
silt; 
its 
w
ell log does 
n
o
t in
d
icate the 
presence 
of h
etero
g
en
eities. 
Inform
ation from
 GWA (1987) 
in
d
icates 
th
at 
a
ll 
of 
th
e 
w
ells 
m
e
n
tioned in
 th
is paper 
a
r
e
 p
a
rtially
 p
en
etratin
g
 (not 
s
c
re
e
n
ed 
to
 fu
ll 
aq
u
ifer th
ick
n
ess). 
The 
effects 
of p
a
rtia
l p
en
tratio
n
 
a
r
e
 
to
 introduce 
v
e
rtical flow
 
c
o
m
ponents 
a
ro
u
nd th
e pum
ping 
w
ell, 
w
hich 
m
ay 
affect draw
dow
n 
a
t 
observation 
w
ells. 
If 
a 
w
ell is 
a
t 
a 
distance 
r 
>
 
1.5m
(K/K' )
0
• 5 
from
 th
e pum
ped 
w
ell, 
w
here 
m
 
=
 
aq
u
ifer thickness 
K
 
=
 h
o
rizo
n
tal 
c
o
nductivity 
K
' 
=
 
v
e
rtical 
c
o
nductivity, 
then th
e 
effects 
of p
a
rtial p
en
etratrio
n
 
c
a
n
 be ignored. 
If K
 a
nd 
K
' 
a
r
e
 
of 
th
e 
sa
m
e
 
o
rder 
of 
m
agnitude, 
then the 
c
o
ndition 
r 
>
 
l.5m
 is 
s
u
fficien
t (Domenico 
a
nd Schw
artz, 
1990). 
The C
hannel 
Sand 
a
ro
u
nd M
P-215-BR 
appears 
to
 be 
r
elativ
ely
 hom
ogeneous 
a
nd 
iso
tro
p
ic, 
w
ithout 
sig
n
ifican
t h
o
rizo
n
tal h
etero
g
en
eities, 
s
o
 
w
e 
have 
52.6 fe
e
t>
 
1.5(24 feet). 
O
ther 
w
ells 
a
r
e
 
also
 
s
u
fficien
tly
 d
istan
t from
 13-PW
. 
The GWA 
r
ep
o
rt 
n
o
tes 
th
at 
w
ater lev
els 
w
e
re
 draw
n dow
n below
 
the top 
of 
th
e 
aq
u
ifer during the 13-PW
 te
s
t. 
T
his 
m
ay 
a
c
c
o
u
n
t 
for 
reduced tra
n
sm
issiv
ity
 
a
nd increased 
s
to
ra
tiv
ity
 
v
alues. 
The 
log-log data from
 F
igure 8 do 
n
o
t 
r
eflect th
is. 
No 
a
tte
m
pt 
w
a
s 
m
ade 
to
 
m
atch 
a W(ua,ub,~) 
type 
c
u
rv
e
 to
 th
e d
ata. 
It 
should be 
n
o
ted th
at 
th
e 
effect 
of dew
atering is 
to
 
r
aise 
s
to
ra
tiv
ity
 
lev
els, 
perhaps by 
a 
few
 
o
rders 
of 
m
agnitude. 
C
onclusion 
B
ased 
o
n
 th
e data generated 
a
nd the 
above discussion, 
th
e 
C
hannel Sand has 
a 
tra
n
sm
issiv
ity
 
of 10,000 
to
 15,000 g
p
d
/ft, 
a
nd 
a 
s
to
ra
tiv
ity
 
o
n
 th
e 
o
rder 
of 10-4, 
probably betw
een 0.0003 
a
nd 
0.0007. 
Low
 
v
alues 
of 
tra
n
sm
issiv
ity
 (less 
than 8000 g
pd/ft) 
a
r
e
 
in
co
rrect due 
to
 th
e 
effects 
of dew
atering 
a
nd 
o
ther 
v
io
latio
n
s 
of 
a
s
s
u
m
ptions 
m
ade in
 im
plem
enting th
e T
heis 
equation 
a
nd its 
v
a
riatio
n
s. A
s 
e
xpected, 
v
a
riab
ility
 in
 thickness 
a
nd lith
o
lo
g
y
 
affects 
v
alues 
of 
tra
n
sm
issiv
ity
. 
S
to
rativ
ity
 
v
alues 
a
r
e
 
r
aised
 
by dew
atering. 
The presence 
of boundaries 
should be 
a
c
c
o
u
n
ted fo
r 
in
 
a
n
aly
sis 
of 
s
m
all-body 
aq
u
ifers. 
C
areful 
e
v
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